All animals must detect noxious stimuli to initiate protective behavior, but the evolutionary origin of nociceptive systems is not well understood. Here, we show that a remarkably conserved signaling mechanism mediates the detection of noxious stimuli in animals as diverse as flatworms and humans. Planarian flatworms are amongst the simplest bilateral animals with a centralized nervous system, and capable of directed behavior. We demonstrate that noxious heat and irritant chemicals elicit robust escape behaviors in the planarian Schmidtea mediterranea, and that the conserved ion channel TRPA1 is required for these responses. TRPA1 mutant fruit flies (Drosophila) are also defective in the avoidance of noxious heat 1-3 . Unexpectedly, we find that either the planarian or the human TRPA1 can restore noxious heat avoidance to TRPA1 mutant Drosophila, even though neither is directly activated by heat. Instead, our data suggest that TRPA1 activation is mediated by H 2 O 2 /Reactive Oxygen Species, early markers of tissue damage rapidly produced as a result of heat exposure. Together, our data reveal a core function for TRPA1 in noxious heat transduction, demonstrate its conservation from planarians to humans, and imply that human nociceptive systems may share a common ancestry with those of most extant animals, tracing back their origin to a progenitor that lived more than 500 million years ago.
that Smed-TRPA1 RNAi does not mar gross locomotor functions, nor does it impact all aversive 48 behavior.
RNAi knock-down of the transcription factor AP2 has been previously shown to impair the Figure 5b,c) . The rescue of the fly phenotype by an evolutionary distant 'heat-insensitive' homolog such as Smed-TRPA1, and the human TRPA1 (activated by cold rather than heat), argues that the 100 function of TRPA1 in heat nociception is unlikely to be fully explained by direct heat gating.
Next, we tested if heat stimulation in the appropriate range (i.e. in the 'noxious' range for each increase in H 2 O 2 upon brief (~5 seconds) exposure to noxious heat (Figure ED4 , see legend and 149 methods for details). 150 Finally, we tested the notion that -if noxious temperatures are indeed sensed at least in part 151 through H 2 O 2 /ROS production-an acute, systemic increase in H 2 O 2 /ROS levels may sensitize the 152 animal's behavioral responses to heat. Here, we tested adult Drosophila for heat avoidance using our 153 2-choice assay (see above), but this time the flies' performance in the arena was preceded by a short 154 feeding with H 2 O 2 51 or Paraquat (a potent pro-oxidant 52 ). Strikingly, pro-oxidant feeding significantly 155 increased heat avoidance scores in both wild type and control flies (to both 30° and 35°C) but not in 156 TRPA1 mutant flies (Figure 6i ). This result directly demonstrates that H 2 O 2 /ROS can sensitize 157 aversive responses to heat in Drosophila, and that this sensitization requires functional TRPA1 158 channels.
159
Planarian flatworms are a powerful, and yet underutilized model for behavioral research. They 160 are capable of active hunting behavior, and possess simple sensory systems 30, 53 and a simple brain 161 that operates using synaptic and neurotransmitter principles similar to those of the more complex 162 insect or mammalian brains 54 . 163 Here, we have shown that the ion channel TRPA1 functions as a key transduction component 164 for nociceptive signals in Schmidtea mediterranea. In insects and many vertebrates (snakes, frogs 165 etc.), TRPA1 channels can be directly gated by temperature changes, but our work in Schmidtea and 166 Drosophila suggests that TRPA1's function in nociceptive heat sensing goes beyond that of a 167 canonical heat-activated ion channel. Instead, our data suggest that H 2 O 2 /ROS are rapidly produced 168 in response to noxious heat, and that this signal contributes to channel activation to mediate 169 defensive responses. We note that this mechanism provides an especially satisfactory explanation 170 for the remarkable across-phylum rescue of heat-avoidance phenotypes of TRPA1 mutant Drosophila 171 by both Schmidtea TRPA1 (insensitive to heat), as well as human TRPA1 (activated by cold). The
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heat range that is expected to produce tissue damage in Drosophila (i.e. the "noxious range", ~35- indicates that Smed-TRPA1 likely produces a single transcript, encoding a protein of 1169 amino acids, which contains 14 N-terminal ankyrin repeats (Interpro database entry: IPR002110) followed by an ion transporter domain (Interpro database entry: IPR005821).
Phylogenetic analysis of TRPA1 homologs
A neighbor-joining phylogenetic tree was constructed using the full sequence of bona fide 
Planarian RNAi
The CIW4 asexual laboratory strain of Schmidtea mediterranea was used for all experiments.
Animals were kept in plastic containers filled with 1x artificial planarian water (APW) that contained: elegans gene not present in the S. mediterranea genome). The T7 RNA polymerase promoter was introduced to the 5'end or 3'end of the corresponding fragment, and 2 subsequent PCR reactions were performed to generate sense and antisense RNA strands. Sense and antisense strands were pooled together, purified by phenol-chloroform extraction, and resuspended in 16μl of water before being annealed by incubating at 72˚C then 37˚C and finally on ice. dsRNA was mixed with 80μl of homogenized calf liver and 2μl of red food coloring to assess food intake. Planarians were starved for at least a week and then fed the dsRNA every other day 3-4 times (15μl of food for 10-15 animals). Animals that did not feed were discarded. For behavioral experiments animals were used between one day and four days after last feeding, phototaxis was used at the end of each experiment to ensure viability.
Expression analysis by Q-PCR
Total RNA from UNC22, Smed-AP2 and Smed-TRPA1 knockdown planarians was purified using Trizol reagent (Life Technologies). First strand cDNA was synthesized using MultiScribe Reverse Transcriptase (Fisher Scientific) from DNAse-treated (TURBO DNAse, Ambion) total RNA. qPCR reactions were performed using the EvaGreen dye (Biotium). 4 biological replicates were run for each treatment, with clathrin mRNA detected as reference gene for quantifying expression changes using the delta-delta Ct method and normalizing to the expression obtained in the control RNAi treatment.
Smed-TRPA1 was detected using the primers 5'-ACTCTCATCAACAGACAGACTTGT-3' and 5'-ATTTCAGCCTCTGGATCCATTTCC-3' and clathrin primers were 5'-GACTGCGGGCTTCTATTGAG-3' and 5'-GCGGCAATTCTTCTGAACTC-3'. Results were compared using Kruskal-Wallis one-way ANOVA.
Fluorescent in situ hybridization (FISH)
Smed-TRPA1 riboprobes were generated from a PCR fragment flanked by T7 promoter sequences using RNA DIG-labeling mix (Sigma-Aldrich). After in vitro transcription, antisense probes were precipitated with 100% ethanol and resuspended in 25μL of deionized formamide. Planarians were killed in 5% N-Acetyl cysteine, fixed in 4% formaldehyde, followed by dehydration and overnight bleaching in 6% H 2 O 2 on a light box. Animals were preserved in 100% methanol and stored at -20˚C.
For FISH, planarians were re-hydrated with a methanol:PBST (PBS, 0.1% triton X-100) dilution series; next, animals were treated with 10mg/ml proteinase K, post-fixed in 4% formaldehyde, and incubated at 56°C for 2 hours in pre-hybridization solution (50% of de-ionized formamide, 5x SSC, 0.1 mg/ml yeast RNA, 1% Tween-20 in DEPC-treated water). Hybridization with riboprobes was conducted for 16h in hybridization solution (same as pre-hybridization solution plus 5% dextran sulfate). Then animals were washed in pre-hybridization solution, and then subjected to a dilution series of 2X SSC, then 0.2X SSC, and finally TNTx (0.1 M Tris pH 7.5, 0.15 M NaCl, 0.3% Triton X-100). Animals were blocked in TNTx plus 5% horse serum and 5% Western Blocking Reagent 
Planarian behavioral assays: Negative phototaxis
Four independent groups of 10 worms per treatment were placed in chamber 1 of the arena as described above (AITC avoidance experiments). The arena was either kept completely dark (control condition), alternatively, chamber 1 was exposed to bright light while chamber 2 was kept dark.
Animals were allowed to distribute for 2 minutes before the number of worms in each chamber was counted.
Cell transfections pAC-GFP, pAC-Smed-TRPA1 and pAC-dTRPA1-A were generated by cloning GFP, Smed-TRPA1
ORF (see above) and a dTRPA1-A cDNA (a gift of Dan Tracey) into pCR™8/GW/TOPO® TA of allyl isothiocyanate (AITC, Sigma). Cells were held at -60mV and currents were monitored during heat and chemical stimulation. Current-voltage relationships were constructed by averaging three step protocols consisting of 100ms steps of 20mV from -100 to 100mV separated by 400ms. These IV relationships where made at RT, during the heat stimulation, and at the end of a 3min AITC application. Note that Smed-TRPA1 did not appear to respond to cooling. For the AITC and Hydrogen peroxide dose responses (H 2 O 2 , Sigma, 30% w/w) we used 1 min stimulation at each concentration.
Recordings were performed as described above with the exception that the intracellular solution contained 140mM K-gluconate instead of Cesium.
Fly strains and transgenes
Flies were reared on standard cornmeal agar medium at room temperature (RT). The following fly strains were used: Canton-special, isogenic w 1118 (a gift from Marcus C. Stensmyr); elav-Gal4/CyO; 
Drosophila behavioral assays
Temperature preference assay were performed as previously described (Gallio et al., 2011) . tubes for bacterial culture with small holes to allow air flow. These 15mL culture tube were placed inside a 50mL conical tube containing a small piece of filter paper with 1μl of 2.5M AITC. Flies were exposed to AITC vapors for 10minutes and then transferred to clean vials for recovery. The number of incapacitated animals was recorded every minute during AITC exposure and every 5 minutes during recovery. For the pro-oxidant feeding experiments, groups of twenty 3-5 day-old flies of the appropriate genotype were starved for 18 hours in vials with a Kim-wipe saturated by water. Flies were then fed for three hours on Nutri-Fly™ Instant Medium (Genesee Scientific #66-117) prepared with the respective pro-oxidant solution at a ratio of medium to liquid of 1:3. The liquid used contained the pro-oxidant and sucrose, or sucrose alone ('mock'). Final concentrations: all samples=2% sucrose; H 2 O 2 =5%, Paraquat (Sigma #856177)=50mM. Immediately after, the animals were tested for temperature preference as described above. Food intake was monitored in parallel experiments using green food colorant (25µl for 3ml of solution).
ROS imaging
To evaluate ROS levels in response to heat stimuli in intact live planarians and Drosophila tissues,
we used the fluorogenic oxidative stress indicator carboxy-H2DCFDA (Molecular Probes #I36007) per the manufacturer's guidelines (and see below). ROS levels were imaged on an LSM510 Zeiss confocal microscope equipped using a 488 argon laser. Temperature stimuli were generated with a Model 5000 KT stage controller (20/20 Technology) and the temperature was recorded using NI USB-TC01 equipped with a thermocouple probe (National Instruments). Intact planarians were incubated for an hour in 25µM carboxy-H2DCFDA (diluted in APW) and washed briefly in APW prior to imaging.
To minimize movements during scanning, animals were placed into a tight-fitting custom made For in vivo H2O2 detection in intact animals, tub-cyto-roGFP2-Orp1 larvae were placed on a heated surface set to ~35°C for 5 seconds. As a positive control, larvae were exposed to 25 µM H2O2 for 10 minutes. Animals were rapidly dissected post treatment in PBS to extract their wing imaginal discs (as described in ref #50). The tissues were mounted in glycerol and immediately imaged on a Leica SP5 inverted confocal microscope equipped with a 405 UV and a 488 Argon laser and a 10x air objective at 512x512 pixel resolution and 400 Hz. Image acquisition and processing were performed as above.
We used two-sample T-test to calculate significant difference (p<0.05) between treatments and controls. Excitation of the biosensor fluorescence by the 405 nm and 488 nm laser lines was performed sequentially and stack by stack. Emission was detected at 500-570 nm. Image processing was performed with imageJ. Control fluorescence (i.e. of untreated tissue) was set to 1. 
